The characteristics of Jovian decametric radiation (DAM) have been well studied for the past 50 years. However, some problems such as 12-years periodicity of occurrence probabilities, and the effect of SL-9 cometary impact on radiation process of DAM have been remained. In order to solve these problems, we consider that a technique for objective detection of Jovian DAM emissions is needed, which does not depend on the parameters based on the intensity or spectrum shape of received emission. The parameters are useful but can be influenced by arbitrary criteria made by researchers. Then, we re-analyzed the data obtained by a short baseline interferometer in Fukui University of Technology from 2007 to 2010 in order to establish the data analysis method for objective detection of decametric radio emissions from Jupiter. The results show not only the validity of proposed technique but also the possibility that there has been the effect of SL-9 cometary impact on the occurrence probability of DAM emissions.
Introduction
Jupiter is the largest planet in our solar system and has the enormous magnetosphere maintained by its strong magnetic field and rapid rotation. In this respect, the Jovian magnetosphere is different from that of Earth where the magnetosphere is controlled by solar activity. Therefore, study about the activity of Jovian magnetosphere is very important from a viewpoint of comparative planetology.
Jovian decametric radiation (DAM) has been well known as the planetary radio wave concerning with the Jovian auroral phenomena. Then, its activity is a good index showing not only activity of Jovian magnetosphere but also the interaction between solar wind and Jovian magnetosphere. It has been well known that the occurrence probability of a portion of DAM is controlled by the Galilean satellite Io (Bigg, 1964) . Since the discovery by Bigg, DAM has been categorized in "Iorelated" components whose occurrence are controlled by the position of Io and "nonIo-related" components whose occurrence have no relationship with Io. The energy 34 T. Nakajo et al. of Io-related emissions is supplied by the interaction of Io and Jovian magnetic field, and the sources of Io-related DAM emissions are considered to be located around the footprint of Io flux tube whose L value is 5.9. On the other hand, non-Io-related DAM emissions are considered to be generated in the region of larger L value, however, the energy source and process of energy transfer to non-Io-related emissions have not been completely clarified.
One of clues for understanding these problems is about 12 years periodicity of DAM's occurrence probability. This long term periodicity was first reported by Gallet (1961) where the occurrence probability of DAM has a negative correlation with sunspot number, however, Douglas and Smith (1963) pointed out the phase of temporal variation of sunspot number shifts to that of occurrence probability of DAM little by little with each passing year. On the other hand, Carr et al. (1970) proposed an idea that the long term temporal variation of DAM's occurrence probability is caused by "DE" effect where DE is abbreviation of the Jovicentric declination of the Earth that changes from −3.3
• to +3.3
• during the Jovian year. Until now, several authors also reported the occurrence probability of Io-related DAM is influenced by DE effect (Boujada and Lebranc, 1992 and refercences there in). This effect requires the beam width of DAM emissions is very narrow less than a few degrees, which is an important restriction on the radiation mechanism of DAM. As an another posibility, Oya et al. (1984) pointed out the effect of observation condition such as shielding by terrestrial ionosphere and the hour angle of Jupiter from the center of our galaxy. By considering these effects, Kawauchi (2002) found both DE and sunspot number influence the DAM's occurrence pobability based on the observation result for 25 years in Tohoku University. From these reports, it appears that the occurrence probability of DAM becomes higher when DE becomes higher and sunspot number becomes lower, however, the detailed relation has not been fully understood even now.
In addition, Oya et al. (1997) showed a possibility that radiation process of DAM was influenced by the impact of SL-9 cometary fragments to Jupiter in 1994, therefore, we have paid attention to the change of DAM's occurrence probability since the impact of SL-9 fragments. In Fukui University of Technology, an interferometer system with 3 short baselines had been set up from 2000 to 2002 and the observation of occurrence probability has been carried out except for 2005. In our observation, obtained fringe patterns are mainly used in order to detect DAM emissions objectively instead of information about intensity or spectrum shape of DAM emissions. The purpose of this report is to propose a new method for objective detection of DAM emissions based on the ineterferometer observation.
Observation System
Our observation system was installed at Awara campus in Fukui University of Technology where 3 antenna towers are set up in the triangular geometry as shown in Fig Figure 3 shows the block diagram of observation system. At the top of each antenna tower, a crossed log-periodic antenna is installed as the receiving antenna whose reception frequency is from 20 to 40 MHz. All the antennas are fixed by the elevation of 60
• for the south. The signals received by the log-periodic antennas are fed into a preamplifier box where the signals are filtered by band-pass filter from 20 to 40 MHz, amplified by 30 dB and separated to right (RH) and left (LH) handed components.
The RH and LH signals are fed by the coaxial cables into 3 stage super-heterodyne type receivers where the observing frequencies are set to be 23.31 MHz and the signals are down-converted to output signals with the center frequency of 2 kHz and bandwidth of 1 kHz. All the down-converted signals are fed into an analog multiplier in order to obtain 6 fringe waveforms which are RH and LH components in A-B, A-C and B-C baselines. All the fringe waveforms from the analog multiplier are digitized with the sampling frequency of 5 Hz and stored in a hard disc drive. The data analyses are carried out by using the digitized fringe waveforms.
Analyses and Results

Data set from 2007 to 2010
For the data analyses, we used the data set obtained from 2007 to 2010 where the digitized data has been preserved. From the data set, we exclude the data when local time is from 5 (LT) to 20 (LT) or the elevation of Jupiter is less than 10
• . The restriction on local time is required in order to avoid the influence of man-made interference and solar radio bursts. Furthermore, the restriction on the elevation of Jupiter is needed in order to avoid the influence of shielding by terrestrial ionosphere. Suppose the ionosphere consists of single plane layer, a minimum elevation of Jupiter θ min at which we can receive DAM emissions can be expressed as,
where f and f p are observing frequency and plasma frequency in the ionosphere, respectively. As mentioned in Section 2, the ovserving frequency is set to be 23.31 MHz. About the plasma frequency, we adopt a peak electron density of F2 layer calculated by IRI 2007 model (http://omniweb.gsfc.nasa.gov) as the electron density of single plain layer ionosphere. Figure 4 shows the temporal variations of peak electron density during the observation period based on IRI 2007 model. The peak electron density of F2 layer highly depends on local time and changes between 10 5 (1/cc) to 4 × 10 5 (1/cc) which corresponds to changes of θ min from 7
• to 14
• . Then, we adopt the value of 10
• as a rough estimation of θ min during the observation period in this study, which means the data in the case elevation of Jupiter is less than 10
• are excluded from the data set.
The observation conditions in each year are shown in Table 1 where the sunspot number indicates averaged value during the observation period, and DE and hour angle from the galactic center are values at the opposition. The meaning of total observation time will be mentioned in next subsection. Totally, the observation conditions had been improved from 2007 to 2010, which means that it becomes easier for DAM emissions to be received because the values of maximum elevation and hour angle from galactic center become larger. 3.2 Principle of data analyzing technique In order to detect DAM emissions objectively, we calculate a normalized correlation coefficient C(t) between the observed and theoretical fringe waveforms as expressed by,
where t is a variable that shows time and C R (t), C I (t) are the real and imaginary part of normalized correlation coefficient C(t). In Eq.
(1), C R (t) and C I (t) are expressed as follows,
where T is the integration time and F obs (t), F cos theor y (t) and F sin theor y (t) are the observed, the cosine part and sine part of theoretical fringe waveforms, respectively.
In this study, we set the integration time 120 minutes and calculate C(t) for each baseline in the interval of 1 minute only when a fringe period is less than 60 minutes. In the case that C(t) is obtained at 2 or 3 baselines simultaneously, we judge the received signals as DAM emissions if all the absolute values of C(t) exceed threshold values selected appropriately. In the case that C(t) is obtained at only 1 baseline, we exclude the data from the data set. Here, we shall return to Table 1 for the meaning of total observation time. The total observation time in Table 1 is defined as the period which satisfies the conditions not only about local time and θ min as mentioned in Subsection 3.1 but also C(t) is obtained at least in 2 baselines simultaneously.
Note that this technique employed in this study tends to detect only DAM emissions with long duration because of long integration time caused by the short baseline lengths of our interferometer. Therefore, we should keep in mind that short-duration DAM emissions tend not to be detected in this study. As a future study, same observation by an interferometer system with the baseline lengths of a few km is desired in order to overcome this problem.
Judgement criteria for emissions from Jupiter
We calculated distuributions of absolute value of C(t) during the observing period in order to select the threshold value appropriately. All the distuributions are shown in Fig. 5 where an observed result in each year and baseline is drawn by a bar graph. Each observed disutribution is mainly caused by a back ground noise component in the observed fringe waveform and can be expressed by Rayleigh distribution,
where x is a variable that satisfies x≥0 and a, σ p are the parameters. The expectaion E and standard deviaion σ are calculated by,
In this study, we calculate a, σ p in Eq. (5) by the least squares method and E, σ in Eq. (6) by using the calculated values of a and σ p . In Fig. 5 , also the values of E, σ are indicated and the fitted distributions in each year and baseline are shown by the red solid lines. By using the obtained values of E and σ , we evaluate the absolute value of C(t) by using a following index,
where |C(t)| is the observed absolute value of C(t). It is obvious that C(t) has a positive correlation with S/N ratio of received DAM signals, therefore, we judge the received signals as Jovian DAM emissions when |C(t)| exceeds a given threshold value of S.
Results and discussions
First, we discuss whether the Jovian DAM emissions detected by the proposed technique really originate from Jupiter. Figure 6 shows the observed CML-Io phase dirgram in each year in the case of S ≥ 6 which is high S/N ratio case. The almost detected emissions are displayed in and around the regions such as Io-related or non-Io-A/C which are expected as high occurrence probability region and the each diagram seems to capture the basic feature of well known diagram (Carr et al., 1983) . The results indicate the proposed technique works for detection of DAM emissions.
However, we can find some emissions detected in the region where the occurrence pobability is expected to be low according to the well known diagram. It is not clear that all the such emissions originate from Jupiter in the present stage, however, we would like to call attention to the emissions detected in non-Io-B region. Especially, we can find distinct emissions around Io-Phase of 240
• in non-Io-B region in 2007 and 2010. Figure 7 shows a similar results with Fig. 6 in the case of S ≥ 4 which is lower S/N ratio case than Fig. 6 . The obtained diagram in each year seems to be more complicated, however, we can recognize the basic feature of well known CML-Io phase diagram. Not only that but we can also find distinct emissions in non-Io-B region around CML-Io phase of 240
• especially in 2010. Then, we show the dependence of occurrence probabilities of all the detected emissions on CML in Fig. 8 . The occurrence probability is defined as a ratio of appearance time to observing time for each 30
• bin in CML. The 2 peaks can be found in Fig. 8 , which corresponds to the previously-reported result (Carr et al., 1983) , however, the former peak (60
• ≤ CML ≤ 180 • ) is too high relative to the latter peak (180 • ≤ CML ≤ 300
• ). In fact, the obtained result is more similar to that reported by Oya et al. (1997) who pointed out the possibility the occurrence probability is influenced by the fragments of SL-9 comet.
About the emissions from 60
• to 180
• in CML except for well known Io-B emissions, we calculate the dependence of occurrence probabilities on Io phase. The result is shown in Fig. 9 where the occurrence probability clearly becomes higher from 150
• to 300
• in Io phase, which indicates the emissions detected in non-Io-B region are related to the satellite Io and originate from Jupiter. Therefore, we conclude the new technique employed in this study works for objective detection of the emissions from Jupiter.
Next, we calculate the occurrence probabilities for total, Io-related and non-Iorelated emissions in each year. Here, the occurence probability is defined as a ratio of appearance time of emissions to observing time in each source (the definition of range for each source is shown in Fig. 6 and Fig. 7) . The results are shown in the left panel of Fig. 10 where all the occurence probabilities were low from 2007 to 2009 and became about 2 times higher in 2010 than those of the previous years. These trends seem to correspond to the previously-reported explanation by DE effect (Boujada and Lebranc, 1992) , however, the temporal variations seem to be more complex in each Io-related and non-Io-related source. The middle and right panel of Fig. 7 show the results in the case of Io-related and non-Io-related sources, respectively. In the case of Io-related sources, the linear increasement in ocurrence probabilities as expected by Boujada and Lebranc (1992) is not observed. On the other hand, in the case of non-Io-related sources, only the occurrence pobability of non-Io-A emissions shows the sudden increase in 2010 as shonw in the top of right panel. The occurrence probabilities of non-Io-B and C components show the different temporal variations that seem to correlate with sunspot number rather than DE. These discrepancies between the obtained and previously-reported result also may be caused by the effect of SL-9 cometary impact, however, we need to evaluate the effect of relative short observing period (only 4 years) and the characteristics of the proposed data analysis technique in detail. 
Summary and Future Study
The technique proposed in this study is based on Fourier transform of observed interferometer data; this provides useful tool to detect the weak Jovian emission out of background noise by calculating the correlation coefficient between observed and theoretical fringe wave form of the interferometer. As the results of data analyses by using the data set obtained from 2007 to 2010, we found the similar dependence of occurrence probabilities on CML to that reported by Oya et al. (1997) . It is clarified that the occurrence probability of emissions detected in the non-Io-B region which is defined as sources associated with 60 to 180 degrees in CML has a clear dependence on the Io-phase around 240 degrees; we may state appearance of a new Io related source. These results indicate the proposed technique is useful for objective detection of Jovian DAM emissions and the possibility that there has been the effect of SL-9 cometary impact on the occurrence probability of DAM emissions. For a future study, the spectrum shape of detected non-Io-B emissions should be searched based on the data of other observatories.
By using the proposed technique, we calculated the temporal variations of occurrence probabilities from 2007 to 2010. The results does not clearly show the temporal variations reported by Boujada and Lebranc (1992) and Kawauchi (2002) . This discrepancy also may be caused by the effect of SL-9, however, more observations and detailed evaluation of performance of the proposed technique are required for the future study. Especially, we should note again that short duration DAM emissions probably fail to be detected because of too short baseline lengths in this study. As already mentioned in Subsection 3.2, observations with longer baseline lengths of a few km should be carried out for the future.
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